B cell development relies on mechanisms for identifying and selecting cells that express a functional BCR with appropriate specificity. This selection process not only serves to promote development of BCR-expressing cells (positive selection) but also provides a mechanism for eliminating clones that respond to self-Ags (negative selection). The mature form of the BCR consists of two functional units: the Ag-recognition unit formed by the IgH and IgL, and the signaling unit formed by a heterodimer of the proteins Ig␣ (CD79a) and Ig␤ (CD79b). The ordered expression and assembly of these BCR components define the different stages of B cell development and provide the permissive and/or directive signals that allows B cells to progress through maturation. For instance, B cells that fail to express a competent pre-BCR are unable to transit through the pro-B to pre-B checkpoint and instead undergo programmed cell death. Consistently, recombinant knockout mice unable to express signaling proteins that participate in the BCR signaling cascade, such as Syk, B cell linker, and PI3K, are either arrested or their B cell development proceeds very inefficiently after the pro-B stage. Together, these data illustrate the tight regulation exerted on pro-B cells and clearly indicate that signaling from the BCR is tightly associated with developmental progression (1, 2) .
The first components of the BCR to be expressed developmentally are Ig␣ and Ig␤, transmembrane proteins with extended cytoplasmic tails containing signaling motifs called ITAMs (3) . Tyrosine residues present in the ITAMs become phosphorylated upon receptor activation and serve as docking sites in which a signaling complex is assembled. Next, the IgH gene locus, organized as DNA gene segments, is recombined in a series of ordered and tightly regulated steps, collectively referred to as V H (D)J H recombination (4, 5) . V H (D)J H recombination is initiated at the IgH locus during the pro-B stage. D to J H fragments are joined first, followed by V H to DJ H joining (6, 7) . During the pro-B stage, before IgH expression, Ig␣ and Ig␤ have been reported to be expressed at the cell surface in association with the endoplasmic reticulum chaperone, calnexin (8) . This complex, known as the pro-BCR, was originally postulated to mediate IgH expression and pre-BCR assembly, although its existence and true function still remain somewhat controversial (9) . Once expressed, the IgH protein assembles with Ig␣ and Ig␤ and the surrogate light (L) chains 5 and Vpre-B to form the pre-BCR (1, 2, 10) . PreBCR expression and signaling trigger progression to the pre-B stage and down-regulate expression of the recombination proteins RAG1 and RAG2, abrogating further recombination at the IgH locus (11) (12) (13) (14) . The events that operate to restrict further V H (D)J H recombination are collectively referred to as allelic exclusion. However, arrest in the recombination process is selective, as transition into the pre-B window is accompanied by re-expression of RAG1 and RAG2 proteins and accessibility of the IgL loci for IgL recombination (15) (16) (17) . Although it is well established that pre-BCR signals are necessary for transition to the pre-B stage, it is not clear if those signals directly affect IgL recombination (8, 12, 18 -21) .
Considering all these processes, a complex picture emerges in regard to the developmental regulation of the pro-B and pre-B stages. First, as noted, the role of the pro-BCR in V H (D)J H recombination and assembly of the pre-BCR is uncertain. Second, pre-BCR function extends beyond generating signals required for survival and positive selection at the pro-B to pre-B checkpoint, promoting specific events that are associated with this transition, such as IgH allelic exclusion, IgL recombination, and proliferation of pre-B cells (12, 18, 19, (22) (23) (24) . Lastly, V(D)J recombination, BCR assembly, and development itself are processes that appear to be coordinately regulated and exhibit a high degree of mutual dependence. An important but still unanswered question is how the receptor signal is integrated into these multiple processes, allowing their ordered execution according to the developmental program.
An assessment of pro-BCR and pre-BCR function is complicated by the controversial role that ligand binding plays in promoting signal transduction through these complexes. It is well established that there is an absolute requirement for ligand binding for triggering BCR-dependent apoptosis and activation of immature and mature B cells, respectively (6, (25) (26) (27) (28) (29) . However, the putative pro-BCR and the pre-BCR do not contain the Ag binding site of the mature BCR that is formed when the IgH is paired with the IgL. Moreover, pre-BCR complexes that lack most of their ectodomains are able to support B cell development (30, 31) . Therefore, it has been proposed that B cell development probably relies on the coexistence of ligand-dependent and -independent activities of the BCR complexes (24, 31, 32) . The integration of both ligand-independent and -dependent signaling processes associated with BCR complexes and the relative importance of each for many of the specific events that are associated with B cell development are not known. The current study was designed to understand mechanistically the nature of the signals that regulate the biological processes dependent upon pre-BCR expression and function. Specifically, we evaluated whether or not receptor aggregation is required for pre-BCR function and assessed the contribution of basal signaling to the ordered execution of the specific events that are associated with transition through the pro-B to pre-B cell developmental checkpoint.
Materials and Methods

Plasmids and cell lines
Long-term pro-B cell cultures were derived from IgH 3H9/ϩ (33) and RAG2 Ϫ/Ϫ (Taconic Farms, Germantown, NY) mice and maintained in Iscove's complete medium (Invitrogen Life Technologies, Grand Island, NY) supplemented with 10% FCS, 1% nonessential amino acids mix (Invitrogen Life Technologies), 1% oxaloacetate/pyruvate/bovine insulin (OPI) mix (Invitrogen Life Technologies), 50 M 2-ME, and 5% supernatant obtained from IL-7-producing J558L cells. After plating in IL-7 containing medium, cells were daily analyzed by FACS for surface marker expression. By day 6 of culture, Ͼ99% of the cells were pro-B cells (B220 (34) and cells remained in this phenotype for the length of this study. These pro-B cultures have been maintained at 0.5-2.5 million cells/ml medium. At this density we only observe Ͻ1% of CD22 ϩ pre-B cells and we have not been able to detect immature B cells as the cultures remain L chain-negative and BP-1-positive. Pro-B cells derived from RAG2 Ϫ/Ϫ mice were then transduced with retroviral vectors and sorted to obtain pure GFP-expressing populations. The studies depicted in this report were performed with pro-B cells that have been maintained in IL-7 for less than a year. The construction of MAHB and its ITAM mutant variant and cloning into the MIGR1 retroviral vector has been previously described (35) .
Retroviral infection of progenitor-enriched cultures and adoptive transfers
These techniques have been previously described (36) . Briefly, bone marrow cells from 5-FU treated 6-to 8-wk-old female wild-type BALB/c or MT mice (The Jackson Laboratory, Bar Harbor, ME) were spin-infected with the MIGR1 retroviruses. Infections were conducted on days 2 and 3 after harvest in medium containing IL-3 (6 ng/ml), IL-6 (10 ng/ml), stem cell factor (100 ng/ml) (R&D Systems, Minneapolis, MN), and 5% WEHI3B-conditioned supernatant. A total of 1 ϫ 10 6 cells/mouse were injected into lethally irradiated (950 rad) syngeneic mice. Mice were sacrificed 4 -6 wk posttransfer, and bone marrows and spleens were analyzed (37).
Abs and flow cytometry analysis
Flow cytometric analysis was used to measure the expression of developmental markers of erythrocyte-depleted cell suspensions. Cells were stained with fluorescent Abs against the following proteins: B220-allophycocyanin, CD25-PE, BP1-PE, CD24-PE, IgM-PE, CD43-PE, CD22-PE,  CD23-PE, Ig-and Ig-biotin (BD Pharmingen, San Diego, CA) . After staining with biotin-conjugated Abs, cells were treated with StreptavidinRed670 (Invitrogen Life Technologies) and then fixed in 1% paraformaldehyde. When measuring intracellular L chain expression, cells were first fixed, then permeabilized with a 0.2% Tween 20 solution and stained.
PCR analysis of V(D)J H and VJ ⌲ recombination products
MAHB
ϩ spleens derived from three independent adoptive-transfer experiments were analyzed for IgH and IgL recombination products. In each experiment, the spleens of the MAHB-recipient mice were combined and stained with Abs B220-allophycocyanin and CD23-PE to identify transitional immature and mature B cells. GFP ϩ B cells were then sorted and lysed at 200 cells/l in lyses buffer as described by Schlissel et al. (37) . PCR amplification (35 cycles) was conducted on DNA representing 800 cells. For control reactions, splenocytes from BALB/c or RAG2
Ϫ/Ϫ mice were used. V region primers were used to detect all members of the V H 7183, V H 558, and V H Q52 families (37) . These V primers were used together with a J H 3 primer to detect V H to DJ H rearrangements, and D H L and J3 primers were used to detect D H to J H rearrangements. L chain rearrangements were analyzed as described using JL and degenerate V-region primers (38) . For internal controls, primers were designed to amplify a 671-bp band from the BX548004 locus. The 5Ј primer used consisted of the sequence CCTAAGGCCAAC CGTGAAAAG, and the 3Ј primer was TCTTCATGGTGCTAGGAGCCA.
Analysis of ProB cells in culture
RAG2
Ϫ/Ϫ pro-B cell cultures were spin-infected with the retroviral vectors, as previously described (35) . For analyses of developmental progression, cells were depleted of IL-7 for 3 days and then stained for FACS analysis using Abs against stage-specific differentiation markers, as well as TOPRO-3 (Molecular Probes, Eugene, OR) to identify dead cells. For proliferation assays, 2 ϫ 10 5 pro-B cells/ml (200 l total volume/well in a 96-well plate) were seeded in medium containing different concentrations of IL-7. Recombinant murine IL-7 from R&D Systems was used for proliferation assays. After 3 days in culture cells were pulsed for 16 h with 1 Ci/well [ 3 H]thymidine. At the time of pulsing, fresh medium was added containing the appropriate concentration of rIL-7. Cells were harvested using a PHD cell harvester (Cambridge Technology, Cambridge, MA) and counted using a 1209 RACKBETA liquid scintillation counter (PerkinElmer, Wellesley, MA).
Electron microscopic analysis of primary pro-B cells
IgH 3H9/ϩ and MAHB ϩ pro-B cells that were maintained in IL-7 were fixed with 4% paraformaldehyde plus 0.2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 4 h. To mimic ligand-induced aggregation, one sample of the IgH 3H9/ϩ cells was first incubated at 37°C for 2 min with an anti-IgM (B76) Ab and then fixed. After alcohol dehydration, embedding and curing at 58°C for 18 h, 90-nm-thick sections were cut using a Diatome Diamond Knife and a Leica ultracut S microtome. Sections were picked up on 200 mesh nickel grids and nonspecific binding was blocked with 1% OVA plus 0.2% cold water fish skin gelatin in PBS at room temperature for 60 min and then incubated overnight at 4°C with either anti-mouse IgM (B76 for untreated IgH 3H9/ϩ samples) or anti-hemagglutinin (HA) 3 (for MAHB ϩ samples, 12CA5; Boehringer Mannheim, Indianapolis, IN) Abs followed by incubation for 60 min with the anti-rat goat Ab coupled to 10 nm gold particles. After washing and staining with 2% uranyl acetate for 3 min, the sections were observed with a JEOL JEM 1010 transmission electron microscope and images were captured and analyzed using a Hamamatsu CCD camera and AMT 12-h imaging software.
Results
Pro-B to pre-B transition in IL-7-dependent primary B cells in the absence of spontaneous or ligand-induced pre-BCR aggregation
BCR aggregation mediated by ligand binding is thought to be a prerequisite for signal transduction leading to activation of mature B cells (39, 40) . Aggregation is proposed to initiate and stabilize 3 Abbreviation used in this paper: HA, hemagglutinin BCR signals as a consequence of concentrating BCR-associated Src family tyrosine kinases to promote their trans-phosphorylation and activation (39, 40) and to promote localization of the BCR complex into liquid-ordered, cholesterol/glycosphingolipid-enriched compartments of the plasma membrane known as membrane rafts that contain high local concentrations of many of the positive regulators of the signaling cascade (41) (42) (43) (44) (45) (46) . However, if pre-BCR signaling does drive B cell development in a ligandindependent fashion, it would suggest that pre-BCR signaling occurs independently of receptor aggregation.
We have established primary pro-B cell lines from bone marrow cells derived from either wild-type BALB/c, transgenic IgH 3H9/ϩ , or RAG2 Ϫ/Ϫ mice. Bone marrow cells were cultured in the presence of IL-7, which allows for the enrichment and continuous proliferation of pro-B cells. Because throughout most of our study we used primary B cell lines that have either a defective recombinant machinery (RAG2 Ϫ/Ϫ ) or an already rearranged H chain (IgH 3H9/ϩ ) we used the Hardy's nomenclature, based in the differential expression of cellular markers, to monitor the developmental stage of these primary cell lines. Thus, in this study we defined a pro-B cell as B220
, which represents Hardy's fraction C or CЈ (34) . One characteristic of the IL-7 cultures is that developmental progression to the pre-B stage can be induced by the removal of IL-7 from the cultures (47) . Transition to the pre-B stage is tightly associated to down-regulation of CD43 expression and up-regulation of CD22 and CD25 and therefore can be monitored in these in vitro cultures. Because CD22 up-regulation allows us to score a positive outcome and because of simplicity we only show expression of CD22 to evaluate the transition to the pre-B stage, but we routinely used both CD43 down-regulation and CD22 up-regulation. The correlation between CD22 expression and transition to the pre-B stage has been previously described and used to developmentally map B cells (31, 48) .
To analyze the aggregation state of the resting pre-BCR we used the pro-B cells derived from the transgenic mouse expressing IgH 3H9/ϩ . We preferred this genetic background because IL-7 culturing maintains pro-B cells independently of pre-BCR expression, and therefore wild-type pro-B cells (e.g., BALB/c derived pro-B cells) tend to accumulate unsuccessful IgH rearrangements. This problem is overcome by using pro-B cells that constitutively expressed an IgH transgene. We evaluated the ability of the IgH 3H9/ϩ pro-B cell cultures to transit to the pre-B stage as an indication for surface expression of a competent receptor. The RAG2 Ϫ/Ϫ pro-B cell line unable to mediate V(D)J recombination processes and therefore unable to express a pre-BCR and progress to the pre-B cell stage was used as a negative control. IL-7 was removed from the cultures, and 2 to 3 days later cells were stained for expression of developmental markers and analyzed by flow cytometry. This The ability of IgH 3H9/ϩ cells to transit to the pre-B stage indicates that a competent receptor, able to transport the Ig␣/Ig␤ signaling unit, is expressed on the cellular surface. This function is mostly provided by the pre-BCR at this transition. To determine whether pre-BCR signaling is associated with constitutive aggregation of the pre-BCR, IgH 3H9/ϩ pro-B cells were analyzed by transmission electron microscopy ( pro-B cells that lack pre-BCR expression (lower left panel). When receptor-aggregation is enforced using the B76 anti-IgM Ab, complexes of two to six gold particles are detected. These data reveal that we can clearly distinguish nonaggregated pre-BCR complexes from complexes that have been forced to undergo ligand-induced aggregation. Because the pro-B to pre-B cell transition occurs efficiently in cultures that were not forced to undergo ligand-induced aggregation, these results suggest that nonaggregated pre-BCR complexes are sufficient to transduce the signals required for this transition in vitro. Although it is possible to have an immature B cell population contaminating the pro-B cell cultures, we do not believe that the conclusions from this analysis are based in BCR detection rather than pre-BCR. We do not observe Ͼ1% of CD22 ϩ CD43 Ϫ pre-B cells when cultures are maintained in the developmental inhibitor IL-7, and the receptor detected in our analysis is present in ϳ100% of the cells. We have calculated that there is approximately one receptor every micrometer of cellular membrane surface. Furthermore, we have no detected L chain expression in these cultures by FACS analysis.
We have previously developed an experimental model to study aggregation-independent BCR signaling (35) . This model involves the fusion of the cytoplasmic domains of signaling proteins Ig␣ and Ig␤. This fusion protein is targeted to the inner leaflet of the plasma membrane by N-terminal positioning of the Lck myristoylation/palmitoylation motif (murine Lck aa 1-10). The resulting chimera, termed MAHB, lacks the transmembrane or ectodomains that are necessary for initiating signals in response to extracellular ligands. We have previously described the ability of MAHB-mediated signaling to induce development through the transitional-2 immature B cell stage in MT mice (35) . To address the role of basal signaling for the coordinated processes happening at the pro-B to pre-B transition, the primary RAG2 Ϫ/Ϫ pro-B cell line was transduced with retroviral vectors (MIGR1) containing parental and MAHB variants. As the MIGR1 vector drives expression of a bicistronic mRNA consisting of the fusion protein and GFP separated by an internal ribosomal entry site, transduce pro-B cells can be monitored by following GFP expression.
To support the nonaggregated status of the conventional pre-BCR, we analyzed the aggregation state of the MAHB protein in primary pro-B cells by transmission electron microscopy. Although the lack of extracellular domains on the MAHB chimera clearly indicates that MAHB signaling is independent of ligandinduced signaling, it remained possible that constitutive aggregation played a role in this process. MAHB contains an epitope tag from the influenza HA protein and an anti-HA Ab was used for detection in these analyses. Fig. 2A shows a representative panel of a MAHB ϩ RAG2 Ϫ/Ϫ pro-B cell. As exemplified in this cell, we found no evidence to support spontaneous aggregation of MAHB. Therefore, MAHB seems to be a bona fide model to study aggregationindependent signaling through Ig␣/Ig␤ containing structures.
To confirm that our in vitro system recapitulated our previous in vivo analysis (35) , we tested the ability of MAHB to induce the developmental progression of pro-B cells. Transduced RAG2 Ϫ/Ϫ pro-B cells were removed from IL-7 and cells were analyzed by flow cytometry. For these experiments, we included an MAHB variant, the ITAM mutant variant, in which both tyrosines from the Ig␣ and Ig␤ ITAM domains were changed to phenylalanine (Y182-193 and Y195-206 of Ig␣ and Ig␤, respectively) to assess the importance of the ITAM signaling domain for the generation of the aggregation-independent signal. We found that similar to RAG2 Ϫ/Ϫ parental pro-B cells, cells transduced with the empty vector and the ITAM mutant variant are arrested at the pro-B stage (Fig. 2B, middle and right panels) , and only pro-B cells receiving a MAHB-derived signal are able to overcome the developmental block (Fig. 2B, left panel) . Importantly, the differential ability of MAHB and the ITAM mutant variant to trigger development is not due to different protein concentrations, as both proteins exhibit similar levels of expression (35) . We observe similar efficiencies between the wild-type pre-BCR and MAHB in their ability to trigger development beyond the pro-B stage checkpoint, supporting the conclusion that a pre-BCR aggregation-independent signaling mechanism operates and is sufficient for pro-B to pre-B transition in vitro. Importantly, the aggregation-independent signal still requires the integrity of the ITAM domains.
Another B cell process associated with the transition to the pre-B stage is the clonal expansion of pre-BCR ϩ cells (22, 24, 32) . This clonal expansion of pre-B cells can be distinguished from the normal proliferation of pro-B cells because it occurs at lower concentrations of IL-7 (22, 49, 50) . Thus, although pro-B cells proliferate only at concentrations in the nanogram per milliliter range of IL-7, pre-B cells can also proliferate at concentrations in the picogram per milliliter range (50) . We therefore set out to determine whether MAHB signaling could, like the pre-BCR, drive cell proliferation in the presence of low concentrations of IL-7. Ϫ/Ϫ cells were able to proliferate equivalently at high IL-7 concentrations (Fig. 2C, left  panel) , but only wild-type cells capable of expressing a pre-BCR maintained this level of proliferation at low levels of IL-7. Similarly, MAHB ϩ cells but not MIGRI expressing pro-B and pre-B cells were able to proliferate effectively at low concentrations of IL-7 (right panel). These data indicate that, in addition to triggering mechanisms for positive selection, the pre-BCR-dependent ligand-independent basal signal is responsible for proliferation of pre-B cells. Notably the ITAM mutant variant was unable to proliferate at low concentrations of IL-7 (data not shown).
Aggregation-independent basal signaling processes generated through BCR complexes can mediate allelic exclusion at the V H locus
Pre-BCR expression and signaling are also associated with allelic exclusion of the un-rearranged H chain allele. We hypothesized that whether ligand-independent basal signaling functions of the pre-BCR were sufficient for the initiation and maintenance of IgH allelic exclusion, then expression of MAHB in B cell progenitors should provide the necessary signals for restriction of V H (D)J H recombination and pre-BCR expression in the pro-B cell. To test this hypothesis, MAHB was expressed using the MIGR1 retroviral transfer system (36) in bone marrow-derived hemopoietic progenitors isolated from normal BALB/c mice. Four weeks after transfer into lethally irradiated BALB/c mice, erythrocyte-depleted splenocytes from the recipient mice were assessed for cell surface phe- notype by flow cytometry. Fig. 3A depicts splenocytes gated on the B220 ϩ CD23 ϩ population. Lymphocytes within this population comprise the transitional-2 and mature B2 B cells of the spleen (25, 28) . In a normal wild-type mouse, nearly 100% of the cells in this population are IgM ϩ , as shown in the nontransduced B cell population from BALB/c mice (Fig. 3A, left panel) . Consistent with the normal wild-type cells, analysis of the GFP ϩ and GFP In contrast, GFP ϩ B cells expressing MAHB (Fig. 3A , right panel, note square gate) lacked detectable expression of surface IgM, whereas MAHB Ϫ B cells (GFP Ϫ ) expressed surface IgM at levels comparable with wild-type BALB/c and MIGR1 expressing controls. The lack of surface IgM expression on B cells expressing high levels of MAHB suggests that signaling through this chimeric protein is sufficient to induce allelic exclusion by abrogating V(D)J H recombination.
Importantly, through the use of the ITAM mutant MAHB variant, we demonstrate that the MAHB-dependent induction of allelic exclusion is dependent upon an ITAM-mediated signaling event. Fig. 3C Figs. 3, A and B, indicate that the expression of the endogenous receptor is suppressed in the presence of a ligand-independent basal signal generated through MAHB. We have previously shown that MAHB is able to signal for positive selection and drive maturation to the peripheral transitional immature/mature stage in the absence of BCR expression (35) . Therefore, it is possible that MAHB ϩ B cells that are BCR Ϫ appear as a consequence of nonproductive IgH rearrangements rather than suppressed V(D)J H recombination. To address this point, V(D)J rearrangements in the H chain locus were assessed using the PCR method developed by Schlissel et al. (37) . The principle of this method is to use degenerate primers that identify all recombination events involving the most common V H families (7183, 558, and Q52). Successful recombination events are evidenced by the presence of three bands of 358, 741, and 1058 bp corresponding to events using J H 1, 2, or 3, respectively (see arrows in Fig. 4A ). Because B cells in the spleen of adoptively transferred BALB/c mice are a mixture of nontransduced and transduced cells (see Fig. 3A ), we performed adoptive transfer studies for this analysis in the MT mouse. MT mice have a competent V H (D)J H recombination machinery, but are unable to assemble a pre-BCR at the plasma membrane due to the deletion of the exon encoding the transmembrane portion of the IgH. Therefore, B cell development is arrested at the pro-B stage in MT mice and, at the time of harvesting (day 30 -40) , the B cells present in the MT recipient spleen are solely comprised of cells that have been positively selected by MAHB basal signaling. Bone marrow progenitors from MT mice were transduced with MAHB or the empty vector MIGR1 and transferred into lethally irradiated MT mice. MAHB ϩ CD23 ϩ B220 ϩ B cells were sorted from the spleens of the recipient mice. Isolated B cells from wildtype BALB/c mice and primary Rag2 Ϫ/Ϫ pro-B cells were used as positive and negative controls, respectively. As expected, V H to DJ H recombination products are present in wild-type B cells, but not Rag2 Ϫ/Ϫ pro-B cells. Importantly, no V H to DJ H rearrangements were detected in the MAHB ϩ population, supporting the conclusion that allelic exclusion can be mediated by basal pre-BCR signaling (Fig. 4B) . The lack of any observed V H to DJ H recombination PCR products was not due to a lack of DNA or an inability to amplify products as D H to J H products were observed in both the MAHB ϩ MT and BALB/c B cells (expected bands of 1033, 716, and 333 bp, Fig. 4C ). The D H to J H rearrangement is not tightly regulated during V(D)J recombination and it can occur before the commitment to the B cell lineage (5, 9) . The ability to detect equivalent D H to J H signals in each sample verifies the integrity of the DNA and equivalent levels of template for each.
L chain recombination is restricted to the pre-B stage, even in the premature presence of Ig␣/Ig␤ basal signaling
We proceeded to evaluate whether the pre-BCR-modeled basal signaling triggers L chain recombination or if L chain recombination was also excluded. We used wild-type BALB/c mice for this analysis because they allow for comparison of L chain expression within the H chain excluded and included populations. Thus, bone marrow B cells from BALB/c recipient mice reconstituted with MAHB ϩ or MIGR1 ϩ progenitor cells were analyzed for expression of L chain. Because MAHB ϩ B cells do not express H chains and therefore cannot express L chain on the surface, we tested for the presence of intracellular L chain. Fig. 5A compares L chain expression among the GFP ϩ and GFP Ϫ B cell populations. We observed L chain in all populations analyzed, indicating that L chain recombination is not excluded by the presence of the basal signal (see IgM Ϫ and IgM ϩ populations, Fig. 5A , upper right panel). The higher level of expression in BCR ϩ relative to the MAHB-expressing BCR Ϫ cells is likely due to the contribution of both surface and cytoplasmic L chain pools.
The absence of IgL locus allelic exclusion was confirmed by PCR amplification of L chain rearrangements using a degenerate V probe (V seg ) that is homologous to 80% of the murine V genes and a J2 primer. The same DNA (MAHB ϩ MT splenocytes and controls) used for testing V H to DJ H recombination were used to address L chain recombination. Fig. 5B shows a representation of the L chain locus with the sites for primer recognition indicated by arrows (Fig. 5B, top) and the results of the PCR amplifications of V ⌲ to J ⌲ recombination events (Fig. 5B, bottom panel) . PCR amplification products (540 and 190 bp) are expected depending on whether J 1 or J 2 fragments were the targets for recombination. No differences were detected in the frequency of L chain rearrangement signals between the BCR ϩ wild-type cells and the MAHB ϩ B cells. Thus, the flow cytometry and PCR analyses are consistent in establishing the existence of V ⌲ to J ⌲ recombination in the presence of MAHB expression.
The experiments as described suggest that L chain recombination can occur in the presence of MAHB signal transduction. We next wondered whether the expression of MAHB in pro-B cells might lead to the premature induction of LC recombination. CD43 down-regulation is a hallmark of the pro-B to pre-B transition, and therefore, CD43 expression can be used to distinguish pro-B from subsequent stages of B cell development. Fig. 6B compares expression among the CD43 ϩ (pro-B) and CD43 Ϫ (pre-B and beyond) bone marrow GFP ϩ B cell population. The GFP ϩ gate is shown in Fig. 6A . At this level of MAHB expression, most of the B cells are BCR Ϫ (Fig. 3B) . We found that only CD43 Ϫ B cells express L chain. These data indicate that L chain recombination and expression is restricted to the CD43 Ϫ pre-B stage, despite the premature expression and basal signaling of an Ig␣/Ig␤ complex on a less mature B cell progenitor population. Fig. 6B also shows that 100% of MHC class II ϩ B cells (immature and mature populations) were positive for L chain expression. The fact that IgL is not detected until the pre-B stage suggests that the receptor signal is either modified according to the developmental stage and/or other signals control accessibility of the IgL locus.
Expression of the TCR␣/␤ receptor is not excluded in MAHBexpressing T cell progenitors.
The MIGR1 retrovirus is expressed in a wide variety of tissues and allows for the detection of GFP expression in all hemopoietic cells, including T cells. Therefore, we next tested whether the signal transduced by Ig␣ and Ig␤ was competent to induce allelic exclusion of the TCR ␣ or ␤ locus. Similar to what occurs in B cells, successful recombination of one of the TCR␤ alleles excludes expression of the second allele in developing T cells through an ITAM-dependent pre-TCR-induced signal. Fig. 7 depicts analyses of CD8 ϩ T cells that are also analyzed for TCR␣␤ expression. TCR␣␤ expression was observed on CD8 ϩ T cells that arose from progenitors transduced with MAHB (GFP ϩ ) or not transduced (GFP Ϫ ), at levels identical with MIGR1-transduced progenitors and wild-type BALB/c T cells. Therefore, although TCR function is dependent on the signaling activity of the CD3-associated ITAMs, the Ig␣/Ig␤ signal differs qualitatively and/or quantitatively from CD3 with regards to its ability to signal allelic exclusion during ␣␤ T cell development.
Discussion
Signals generated through Ig␣/Ig␤-containing receptor complexes are necessary and in some cases sufficient to direct B cells to execute a highly regulated series of ordered events that exhibit a very complex level of interdependence. However, in most cases, it is not well understood how the receptor-mediated signal is initiated and translated into specific B cell fates. Receptor oligomerization induced after Ag binding is thought to be a required step for generating signals leading to responses such as negative selection and activation (17, 39) . However, it is becoming increasingly apparent that both the BCR and the pre-BCR on developing B cells are capable of generating signals independently of ligand (Ag) binding (24, 31, 32, 35, 51, 52) . Despite several reports that implicate ligand-independent BCR signaling in B cell development, neither it's regulation nor its linkage to specific events in B cell biology have been carefully studied. Moreover, it remains a matter of speculation whether or not ligand-independent as well as ligand-dependent signaling pathways operate in parallel throughout B cell development and activation, or alternatively, whether one or the other is restricted to specific stages and coupled to specific biological processes.
To understand more mechanistically the nature of the pre-BCRmediated signals, the aggregation status of the pre-B receptor was analyzed in primary pro-B cells expressing either a transgenic IgH or the chimeric protein MAHB. We found that both the pre-BCR and MAHB were detected as single particles similarly distributed on the cellular membrane of resting pro-B cells. These single receptors were however competent to signal developmental progression and proliferation at low concentrations of IL-7. These observations further validate the use of MAHB as a model to study pre-BCR functions. Importantly, this analysis was able to distinguish between "resting" receptors from those receptors that have been intentionally cross-linked by ligand and that were observed as aggregates of two to six complexes. Ab-induced receptor aggregation has largely being used to study ligand-dependent signals. Therefore, these results suggest that the type of aggregated complex needed to trigger the activating signal, is not required for the pro-B to pre-B transition and the developmental processes associated to this transition. Although with a very low frequency, dimeric receptor complexes were also observed during the transmission electron microscopic analysis and we cannot unequivocally rule out that these particular complexes are responsible for the competent signal. It is also possible that multimers of resting receptors do not expose the epitopes recognized by the anti-IgM Ab and therefore remained undetected. However, the ability to visualize the aggregated receptor and the detection of the fusion protein MAHB also as single particles support that higher order aggregates, similar to the ones observed after ligand-induced aggregation, are not necessary to generate and transduce developmentally competent signals.
Overall, these data support a model whereby the expression of Ig␣/Ig␤-containing complexes at the plasma membrane is sufficient to generate a ligand-independent basal level of signaling. Because these signals do not appear to require ligand binding and, therefore, are unlikely to be regulated by receptor aggregation, the mechanism(s) for their initiation is uncertain. Perhaps random interactions between the receptor and positive regulators of the signaling complex are at least partly responsible, as has been recently suggested for the TCR (53) . Consistent with this hypothesis, membrane targeting of the signaling domains of Ig␣/Ig␤ to regions normally occupied by the resting BCR and pre-BCR (35, 54) has allowed us to isolate this basal constitutive signal and then to study its role in the B cell biology. We have focused on the role for this basal signal generated by MAHB in the multiple and sometimes parallel pre-BCR-dependent processes occurring at the pro-B to pre-B transition. We have found that expression of MAHB is sufficient to initiate the major cellular processes that are associated with pre-BCR-dependent signaling.
B cell-stromal cells interactions via the pre-BCR extracellular domains have also been proposed to trigger receptor functions (55) (56) (57) . Gauthier et al. (57) have identified the S-type selectin, galectin-1, as a pre-BCR ligand in bone marrow stromal cells. This group reported that galectin-1 interactions with the pre-BCR, throughout the surrogate L chain, promote the formation of an immunological synapse between the pre-B and the stromal cell in which protein tyrosine kinase activity is detected. However, whether this signaling is responsible for promoting the normal functional responses generated through the pre-BCR at the pro-B to pre-B transition remains unknown. Moreover, because B cells can be generated from pro-B progenitors in vitro in the absence of stromal cells (24, 32) , and sorted individual pro-B cells progress through development by the sole depletion of IL-7 (32, 50) , it seems that galectin-1/pre-BCR interactions are not essential for promoting B cell development. A study has described an inherent self-aggregating capability of the pre-BCR (58) . This study has proposed that self-aggregated pre-BCR is signaling competent and therefore responsible for the ligand-independent pro-B to pre-B transition.
A caveat to each of the previously mentioned studies is that they target the surrogate L chain proteins 5 and Vpre-B as the structures responsible for the pre-BCR-stromal cell interactions or receptor self-aggregating capacity. Because pre-B cells can be generated in genetic knockouts of the surrogate L chain proteins, receptor aggregation, if needed is not essential for pre-BCR signaling and developmental progression (59, 60) . However, no studies to date exclude the possibility that both ligand-dependent, mediated through surrogate L chain proteins, and -independent signals play an integrated role during B cell maturation. Competition studies in which surrogate L chain-containing pre-BCR are compared with B cells exclusively dependent upon basal signaling should be designed to definitively resolve this issue.
We have previously reported that Ig␣/Ig␤ basal signals are sufficient to drive pre-BCR-deficient B cells to the peripheral transitional-2 (T2) immature or mature stages (35) . This result is confirmed and extended in the present study. We show in this study that normal BALB/c progenitors are able to proceed to the later stages of development, despite the lack of surface BCR expression resulting from MAHB-induced IgH allelic exclusion. Considering that a ligand-independent signal is sufficient to recapitulate the pre-B stage-associated processes as well as to dictate positive selection into the peripheral transitional immature 2 stage, these observations suggest that ligand-dependent mechanisms are not required until the B cell has reached at least the T2 stage.
Recent studies have indicated that ligand-dependent signals may be involved in driving progression beyond the T2 stage of B cell development (61) (62) (63) (64) . Furthermore, peripheral mature B cells that express BCR complexes that are incapable of binding conventional Ag compete poorly with ligand-binding sufficient B cells (65, 66) . This distinction may reflect the ability of Ag "tickled" B cells to more effectively compete for B cell-activating factor of the TNF family (BAFF) or other survival factors, as has been suggested by others (28, 29, 67, 68) . Taken together, these data support a model in which a basal signaling process is sufficient to mediate positive selection through to the terminal stages of B cell maturation and in which ligand-dependent processes are necessary for further progression and/or for continued survival of fully mature immunocompetent B cells. Teleologically, the argument may have some merit for the efficient function of the immune system and for the survival of the host. By selectively placing B cell progenitors that have successfully traversed the initial clonal editing processes of positive and then negative selection, the emerging pool will be at a survival disadvantage unless they are reactive to ligands existing in the peripheral compartments.
In this study, targeting of Ig␣/Ig␤ to the plasma membrane was sufficient to generate the signals required for IgH locus silencing and allelic exclusion. These results argue that it is the signals generated as a consequence of the surrogate L chain-IgH association to the Ig␣/Ig␤ unit rather than the surrogate L chain-IgH protein itself that initiate IgH locus silencing. Previous studies have indicated that although surrogate L chain proteins 5 and Vpre-B are necessary for assembly and surface expression of the IgH containing pre-BCR complex, they are each replaceable for mediating the allelic exclusion functions of this receptor (60, 69, 70) . By eliminating the IgH and surrogate L chain as a critical mediator of IgH allelic exclusion the present studies reported extend these previous studies in a very important way. Rather, it would appear that each of these components of the pre-BCR function in concert to allow assembly and membrane expression of Ig␣-Ig␤ complexes. An Ig␣-Ig␤ chaperone function for the pre-BCR and other BCR complexes would be consistent with these and previous studies that have observed IgH allelic exclusion resulting from targeting ITAM-containing complexes to the pre-B cell surface. For example, membrane expression of the EBV latent membrane protein 2A is also able to mediate allelic exclusion resulting in BCR-negative peripheral B cells similar to those described in this report (71) . Furthermore, the cytoplasmic domains of either Ig␣ or Ig␤ when fused to the IgH can independently signal for allelic exclusion (72, 73) . Taken together these data argue that plasma membrane expression of ITAM containing complexes provides the minimal context for the generation of signals for allelic exclusion.
The apparent promiscuity in ITAM requirements for B cell IgH locus exclusion exemplified by our results and those previously described, prompted us to consider whether MAHB would lead to allelic exclusion at the TCR␤-chain locus. However, MAHB was unable to achieve allelic exclusion for the TCR during thymocyte development in wild-type BALB/c mice. Moreover, MAHB was unable to signal positive selection and developmental progression of Rag2 Ϫ/Ϫ thymocytes beyond the double-negative stage (data not shown). These results may suggest that despite their high degree of sequence homology, there is some specificity of particular ITAMs for specific tissue-restricted events. Alternatively, non-ITAM-associated motifs may be necessary for generating CD3-dependent signals for allelic exclusion in thymocytes. There are examples of non-ITAM motifs needed for proper function of the Ig␣ protein (3, 74) , and analogous motifs may exist for one or more of the CD3 components. Also, these results are consistent with the conclusion that quantitative differences exist to generate signals sufficient for allelic exclusion in B vs T cells. The difference in the total number of ITAMs in the Ig␣-Ig␤ (two) vs the CD3 (ten) complexes may determine the basal level of signaling and thereby account for any potential quantitative differences in signaling via these different ITAM-containing complexes.
This current study supports a model in which different patterns of gene expression are associated with different developmental stages to provide a context whereby a common signal is translated into different B cell processes. One example is the stage-specific targeting of the IgH and L chain loci by the recombinase machinery during the pro-B and pre-B stages. Although the pre-BCRdependent signal for L chain recombination is present prematurely in the MAHB-expressing B cell progenitors, L chain expression was nevertheless not detected until the pre-B stage. This observation suggests that IgL locus recombination is hardwired to the pre-B stage, and it is in agreement with studies indicating that additional processes operate at the pro-B and pre-B stages to control locus accessibility and RAG1 and RAG2 targeting (4, (75) (76) (77) . In addition to the basal pre-BCR signal, these processes may help to establish the temporal order of BCR assembly. For example, developmentally regulated epigenetic differences are more likely to control locus accessibility to the recombinase machinery than are a unique set of signals elicited by pre-BCR-BCR complexes. In this scenario, the H chain locus would only be accessible for recombination at the pro-B stage, and therefore, progression beyond this stage excludes further recombination events in this locus (4, (75) (76) (77) . Cytokines, like IL-7 or the tachykinin hemokinin-1 that specifically act on pro-B and pre-B cells, respectively, may help to create the particular cellular environments in which signals are differentially translated into specific H chain and L chain gene recombination processes (78 -81) .
The existing paradigm for the mechanism of BCR triggered processes proposes that ligand binding promotes receptor aggregation and facilitates cross-interactions between signaling proteins associated with the resting receptor. The signal is initiated when Src kinases are activated to phosphorylate the Ig␣/Ig␤ ITAMs. A logical explanation for the initiation of basal signaling is constitutive receptor aggregation. However, electron microscopy analysis of primary cells did not find any evidence of self-aggregation in our model of ligand-independent signaling. Importantly, the nonaggregated receptor was competent to trigger the pro-B to pre-B progression and proliferation of the primary pre-B cell, suggesting that oligomerization is not a prerequisite for initiation or transduction of basal signals.
Independence of aggregation for the generation of MAHB-triggered signals is unlikely an artifact of retroviral-mediated overexpression. Both functional and quantitative studies support the conclusion that expression levels at the plasma membrane approximate those of the conventional pre-BCR. Furthermore, activation marker expression and phosphotyrosine levels are consistent with activity normally associated with a resting BCR (35, 54) . It has also been proposed that aggregation promotes rapid receptor translocation into the lipid raft compartment, a subspecialized membrane domain that may function to concentrate the signaling effectors associated with BCR signaling. Consequently, it is postulated that the receptor signal is originated and propagated once the receptor localizes into the lipid raft compartment. We have recently targeted MAHB selectively inside or outside lipid rafts and found that MAHB localization to either compartment is sufficient to induce developmental progression (E. M. FuentesPananá, G. Bannish, N. Shah, and J. G. Monroe, manuscript in preparation). Therefore, it is possible that the difference between a signal originated outside lipid raft and the one resulting from receptor aggregation and consequent lipid raft localization is the difference found between transient and persistent signals. In this scenario, the ability of the receptor to localize into the lipid raft compartment may provide the basis of the difference between basal signals for survival and developmental progression and those involved in triggering B cells effector functions.
